The S 2p Auger spectrum of SF 6 has been studied in the region of the 2t 2g and 4e g resonances. The partial Auger spectra due to the ionization of the 2p spin-orbit components and of a shakeup satellite state have been measured selectively by tuning the photon energy and using the Auger electron-photoelectron coincidence technique. A detailed analysis of the Auger spectrum has also been performed using the Green's function-based second-order algebraic diagrammatic construction method.
I. INTRODUCTION
The investigation of the excitations near or above inner shell thresholds and the measurement of the energy distribution of the emitted electrons are important to understand the nature of core-level resonances and the electronic structure of atoms and molecules. The S 2p photoabsorption spectrum of the SF 6 molecule is dominated by intense excitations to unoccupied molecular orbitals while excitations to Rydberg orbitals are very weak. 1 The two main features above the S 2p photoionization limits are generally known as "shape resonances" and are labeled as 2t 2g and 4e g using the notation of the empty valence orbitals. They can be described either as temporary trapping of the photoelectron in the potential well created by the electronegative fluorine ligands or as excitations to empty molecular orbitals that are embedded in the photoionization continuum. Ferrett et al. 2 observed that the cross section and the angular distribution of the unresolved S 2p photoelectron lines and the lowest energy S 2p shake-up satellites showed a similar trend at the 4e g shape resonance. Moreover, the satellite intensity at the 4e g resonance was about 30% of the intensity of the main line, an unusually large fraction for a shake-up satellite. The authors discussed, as possible explanations of the experimental observations, the coupling between both the continuum channels (main line and satellite) and between the S 2p photoionization and doubly excited states, favoring the latter possibility. Kivimäki et al. 3 measured the Auger electron spectrum at two photon energies corresponding to the 2t 2g and 4e g shape resonances and found that the two spectra were different. Coincidence spectra between Auger electrons and fragment ions 3 highlighted the major difference to be that of the Auger structure at about 130 eV kinetic energy. These results indicate that while the 2t 2g resonance mainly decays through a one-electron channel, this is not the case for the 4e g resonance. These findings supported the observation of Ferrett et al. 2 that the simple "one-electron" shape a) Author to whom correspondence should be addressed. Electronic mail: lorenzo.avaldi@imip.cnr.it.
resonance model is not adequate to describe the "4e g shape resonance" of SF 6 . Additionally, Kitajima et al. 4 observed that the spin-orbit splitting of the S 2p photoelectron lines displays an anomalous behavior in the energy region of the 4e g shape resonance: the S 2p 1/2 −1 and S 2p 3/2 −1 cross sections peak at the same photon energy, but the resonance of the S 2p 1/2 −1 state is narrower than that of the S 2p 3/2 −1 state. The effect was attributed to the exchange interaction between the S 2p −1 hole and the electron excited to the 4e g orbital.
The present work is focused on the Auger decay of the S 2p single-hole and lowest energy shake-up satellite states at photon energies in the region of the 2t 2g and 4e g shape resonances. Auger spectra have been measured (i) at specific photon energies which privilege either the S 2p 1/2 −1 or S 2p 3/2 −1 channel 4 via noncoincidence technique and (ii) at the 4e g shape resonance via Auger electron-photoelectron coincidence spectroscopy (APECS). APECS adds "state and site" selectivity to the conventional Auger measurements, producing a better and unambiguous spectroscopic characterization of the decay electron spectra 5, 6 and a deep insight into the ionization and decay processes. 7, 8 Via the selection of a photoelectron of well defined kinetic energy APECS makes it possible to disentangle the contributions to the Auger spectrum from different vibrational levels, 9 spinorbit components 10 of a core level and different sites in the molecule. 11 The application of APECS to the study of the decay of shake-up satellite states in molecules is usually hampered by the low cross section for satellite formation. The large intensity of the shake-up satellites observed at the 4e g shape resonance should make such a measurement possible for SF 6 . In comparison to the S 2p states, the Auger decay from shake-up satellite states has more decay channels available, with the excited electron acting as either participator or spectator in the decay process. To the best of our knowledge the S LVV spectrum of SF 6 has not been calculated previously. Recently, the SF 6 dication states in the 36-48 eV range have been calculated using the Green's function ADC(2) methods to interpret the photoelectron-photoelectron (PEPECO) spectrum measured by Feifel et al. 12 In the present work the same method has been used to evaluate the complete Auger spectrum, which involves dication states up to 80 eV.
The paper is organized as follows. In Secs. II and III details of the experimental set-up and the theoretical model are described. The results are presented and discussed in Sec. IV, while some conclusions are summarized in Sec. V.
II. EXPERIMENTAL DETAILS
The experiments have been performed using the multicoincidence end station 13 of the gas phase photoemission beamline 14 of the Elettra storage ring in Trieste, Italy. The light source is an undulator of period 12.5 cm, 4.5 m long. The linearly polarized radiation from the undulator is deflected to the variable-angle-spherical grating monochromator 15 by a prefocusing mirror. The monochromator consists of two optical elements: a plane mirror and a spherical grating. Five interchangeable gratings cover the energy region 13-1000 eV. Two refocusing mirrors after the exit slit provide a circular spot (radius about 300 μm) at the interaction region in the experimental chamber.
The end station 13 is equipped with ten independent electrostatic analyzers, arranged in two groups of three and seven analyzers, respectively, mounted on two separate turntables. On the small frame, the analyzers are placed at 0
• , 30
• , and 60
• with respect to the polarization axis of light. On the larger frame, they are spaced by 30
• with each other, covering the angular range of 180
• . The coincidence electronics consists of three independent time-to-digital (TDC) converters. In the experiment, each TDC unit is operated in the common start mode and is triggered by the signal of one of the three analyzers of the small turntable. The signals from the other seven act as stops. In this way up to 21 independent coincidence pairs can be collected simultaneously. All of the experimental and the data acquisition settings are controlled via a personal computer equipped with LABVIEW (National Instruments) software. The same software monitors the stability of the experiment during the acquisition via the measurement of the noncoincidence count rates of the ten analyzers and the photon flux at fixed time intervals.
In the present experiment, both frames have been kept in the plane perpendicular to the direction of the incoming photon beam. The seven analyzers of the larger turntable have been used to detect the Auger electrons of energy E 2 between 100 and 150 eV. The energy resolution and the angular acceptance in the dispersion plane of the spectrometers were about E 2 = 300 meV and ϑ 2 = ±4
• , respectively. The analyzers of the small turntable have been used to detect the photoelectrons produced by the ionization of the S 2p 3/2 , S 2p 1/2 , and shake-up satellite states. The photoelectron energy E 1 varied between 6 and 15.5 eV depending on the incident photon energy and photoionized orbital. The energy resolution and the angular acceptance of these spectrometers were about E 1 = 100 meV and ϑ 1 = ±4
• , respectively. This energy resolution allows the two S 2p spin-orbit components to be resolved. The noncoincidence Auger spectra have been measured at few photon energies (200, 196.2, 183.4 , and 184.5 eV), while the APECS experiment has been performed at the fixed photon energy of 196.2 eV, corresponding to the excitation of the 4e g resonance. In order to improve the statistical accuracy of the experimental results the coincidence signals of the 21 photoelectron-Auger electron pairs were added up after a careful energy calibration of the noncoincidence Auger spectra independently collected by the seven analyzers. In this way effects due to the variation of the asymmetry parameter in the angular distribution for the different Auger transitions are washed out. Considering the long lifetime of the S 2p states 16 and the broad energy resolution of the experiment the effects of postcollision interaction 17 have been neglected in the analysis of the photoelectron and Auger spectra.
At the typical experimental conditions of about 1 × 10
mbar of gas pressure in the chamber and 1 × 10 11 photon/s, acquisition times between 2000 and 8000 s/point were needed in order to achieve the present accuracy in the measurement of the coincidence photoelectron-Auger electron spectra on the main lines and shake-up satellite states, respectively.
III. THEORY
We have carried out the theoretical calculation of the double ionization spectra of SF 6 using the Green's function-based second-order algebraic diagrammatic construction, ADC(2), method. 18, 19 The preliminary Hartree-Fock calculations were carried out in the cc-pVQZ basis set 20 using the GAMESS-UK program package, 21 at the experimental geometry [r = 1.56 Å (Ref. 22) ]. The ADC(2) data have been analyzed by means of a two-hole population analysis of the eigenvectors. 23 We recall briefly here that the twohole population analysis offers a decomposition of the total two-hole (2h) character of a dicationic state (i.e., the eigenvector component describing ionization out of pairs of Hartree-Fock molecular orbitals) in terms of atomic components. An atomic two-site component labeled X −1 Y −1 essentially quantifies the extent to which a given doubly ionized state may be characterized as having one electron vacancy localized on atom X and one on atom Y. Similarly, a one-site component labeled X −2 measures how much a state may be described as having both holes on the same atom X. The two-hole population analysis makes it possible to obtain a quick, though only qualitative, simulation of the otherwise computationally too impervious Auger spectra. [23] [24] [25] [26] As the Auger decay process is strongly localized at the atomic site where the primary core hole is created, we assume the X −2 component of a dicationic state to give a rough estimate of the (relative) Auger decay rate for an X-localized core hole. Thus, the theoretical S 2p Auger spectrum has been obtained by GAUS-SIAN convolution of the ADC discrete double ionization transitions weighted by their S −2 population component. Singlet doubly ionized states have typically a higher Auger rate than triplets (see, e.g., Refs. 27 and 28). Since our two-hole population analysis does not, of course, account for this, we have in previous work always resorted to the simple device of tripling the relative intensity of the singlets (see, e.g., Ref. 26) , and this has been done for the present work too.
IV. RESULTS AND DISCUSSION
The S LVV Auger spectrum of SF 6 measured at 200 eV photon energy is shown in Fig. 1(a) . Previous S Auger spectra have been measured by Bancroft et al. 29 using both 3 keV electrons and 196.5 eV photons as excitation sources. Our spectrum in Fig. 1(a) compares well with the high resolution electron impact spectrum and is composed of two main broad feature separated by about 20 eV. On the basis of the observation that the separation between these two features is similar to the mean binding-energy difference between the outer valence and inner valence band peaks, 29 the high kinetic energy structure has been interpreted as being due to dication states with two holes in the outer valence band, while the other feature to dication states with one hole in the outer valence and the other one in the inner valence. However, in order to achieve a better understanding of the Auger spectrum one has to compare it with the complementary information provided by theoretical calculations of Auger electron energies. For a quantitative comparison the different contributions to the measured spectrum have to be separated. Indeed, the decay of both S 2p components contributes to the observed spectrum at 200 eV with features separated by the 2p spinorbit splitting. Moreover, the decay of the inner shell shakeup satellite states, 2, 30 the excitation energies of which begin at about 190 eV, may contribute. Recently Kitajima et al. 4 have measured the relative partial photoionization cross sections for the S 2p 3/2 and 2p 1/2 channels and observed, for both states, an enhancement of the cross section at the 2t 2g resonance at 183.4 and 184.5 eV, respectively. In particular at 183.4 eV the cross section for the 2p 3/2 state is about 1 order of magnitude larger than that of the 2p 1/2 state, while at 184.5 eV the 2p 1/2 cross section is about three times larger than that of the 2p 3/2 state. These photon energies are below the threshold for the formation of the inner shell shake-up satellite states 2, 30 thus one can exclude the contribution from the decay of these states in the Auger spectra measured at such energies. A measurement at 183.4 eV therefore gives the pure L 3 VV Auger spectrum, while to obtain the pure L 2 VV Auger spectrum one has to subtract the contribution of the other component in the measurement performed at 184.5 eV. This has been done in the present work by taking into account the relative intensities reported by Kitajima et al. 4 The results are shown in Fig. 1(b) . The two``extra'' features on the high kinetic energy side of Fig. 1(b) , not observed in the spectrum measured at 200 eV [ Fig. 1(a) ], are due to the direct photoionization of the 2e g , 3t 1u , and 4a 1g inner valence states, 31 which at this photon energy partially overlap with the high energy side of the Auger spectrum.
Our estimate of the Auger intensities (see Sec. II) cannot distinguish between the two spin-orbit components of the S 2p spectrum and therefore in Fig. 2 we compare the theoretical results with a single component, i.e., the 2p 1/2 state extracted from the experiment at 184.5 eV photon energy. This is enough to provide the basis for a detailed assignment of the spectra. The theoretical spectrum has been obtained by GAUSSIAN convolution of the computed discrete lines (shown as bars), with full-width-at-half-maxima increasing continuously from 1.5 eV at high kinetic energy (KE) to 2.5 eV at low KE. The increase in width, which appears to give a reasonably good fit of the measured profile, accounts for the strong increase in the density of dicationic final states with their ionization energy and the consequent larger line broadening due to nuclear dynamics. The computed double ionization energy (DIE) has been reported on the KE scale by subtraction from the S 2p 1/2 ionization energy of 181.48 eV (Ref. 18 ) and further shifted by 1 eV to lower KE to better fit the experiment. Such an overall underestimate of the true DIEs is expected for ADC(2) calculations (see, e.g., Refs. 32 and 12). Note that not all ADC eigensolutions are fully converged above 62.5 eV DIE (i.e., below 118 eV KE), but this does not appear to adversely affect the agreement of the computed spectrum with experiment in that region, Table I ). where the Auger decay populates a near-continuum of states with individual tiny transition rates. In the KE region above 118 eV, about 25 eV wide, nearly 600 converged states are computed to build up the Auger spectrum. Note that even at the high KE end, in the first 10 eV above double ionization threshold, the first broad band arises from a very large number of low-intensity transitions. In this region the character of the doubly ionized states is vastly dominated by the F −1 F −1 component 12 and they acquire therefore very small intensity in the sulfur spectrum.
In spite of this complexity and of the inevitably often inaccurate estimate of the relative transition rates, the theoretical spectrum reproduces the positions of most of the features of the experiment. In fact, inspection of the bar spectrum clearly suggests that some of the main features may appropriately be described in terms of relatively few dominant transitions (red bars in Fig. 2 ). The characters of these main lines in terms of 2h configuration components are reported in Table I alongside the measured KE of the corresponding 2p 1/2 Auger bands.
The data show that substantial ADC configuration interaction characterizes even these transitions. In view of this, it would be cumbersome and unhelpful to discuss the spectrum in terms of individual orbital components. However, a global, if less detailed, view of the composition of the Auger spectrum in terms of relative 2h contributions may still be obtained as given in Fig. 3(a) . To simplify the picture, we have here divided the SF 6 valence orbitals in four groups according to the main energy gaps among them and to their characters. Thus, group 1 consists of the innermost valence orbitals 4a 1g , 3t 1u , and 2e g . Group 2 contains just the 5a 1g orbital, which is separated by more than 15 eV from the inner valence and nearly 5 eV from the orbitals above it, while group 3 contains the mainly bonding orbitals 4t 1u and 1t 2g . Finally, group 4 is made up of the outermost orbitals 3e g , 1t 2u , 5t 1u , and 1t 1g which are mainly localized on fluorine (although the first of these also has some bonding character). Based on this orbital grouping one can now divide the 2h density distribution into ten main contributions, labeled Gxy according to the groups x and y to which the vacancies belong. This decomposition, suitably renormalized to add up into the total estimated Auger intensity, is illustrated in Fig. 3(a) . This shows first of all that the two very broad regions in the spectrum, respectively, below and above the gap at about 122 eV (2p 1/2 spectrum), correspond very precisely to dicationic states having one hole in the inner valence (group 1) or both holes in the outer valence, respectively. The dicationic states with both holes in group 1 lie at even smaller KE and are not observed in the present experiment. The two central features in the 120-126 eV range have large contributions of the ionization of the 5a 1g orbital, while the higher lying structures have increasingly large components where one electron is ionized out of group 4. The prominent peak at about 125 eV and, especially, the most intense peak of the spectrum at ∼130 eV have in addition the largest character of double ionization of the bonding group 3. The overall satisfactory description of the Auger spectrum confirms that the S −2 component of the population of the dicationic states population drives the Auger intensity distribution. It must be emphasized that this component is extremely small throughout the spectrum of doubly ionized states, because, due to the electronic structure of the SF 6 molecule, localization of both the valence holes at the S site has very little probability density. This is clearly illustrated in Fig. 3(b) which shows the composition of the S 2p Auger spectrum in terms of the atomic 2h population components. Clearly, most states are dominated by the F −1 F −1 component, with only a smaller group in the central part of the spectrum having a dominant F −2 character. The
contribution is in turn separated in two parts, depending on whether distal (dist) or vicinal (vic) fluorine pairs are involved. The number of distal pairs is one fourth of the vicinal ones and, on average, the relative magnitude of the corresponding population components roughly reflects this ratio. However, Fig. 3(b) shows that especially at the low-DIE end of the spectrum, the distal component, describing holes separated by the largest distance and therefore with the smallest repulsion energy, tends to be larger. The S
component is mostly uniform throughout. Because of the tiny and uniformly distributed S −2 component, the S Auger spectra are highly unselective and it is evident that most of the Auger intensity pertains to doubly ionized states characterized by vacancies residing away from the core-ionized S site, a feature that we named foreign imaging. 24 Note by contrast how the strictly atomiclike F −2 component, 23, 24 which drives the F Auger spectrum, peaks rather sharply in (and thus selects) only some relatively restricted regions of the double ionization spectrum. A comparison between the approximate profiles of the S 2p Auger spectrum and the global computed double ionization spectrum (as is measured, for example, by direct double photoionization 12 ) is shown in Fig. 4 . Here we see the somewhat different emphasis placed by the various experiments on diverse regions of the double ionization spectrum. Note again, in particular, the relatively little prominence in the Auger spectrum of the low DIE region close to double ionization threshold, which is dominated by states of F
character. The most interesting and discussed feature in the SF 6 absorption spectrum is represented by the 4e g "shape resonance" centered at about 196.2 eV (Ref. 33) . Thus, the Auger spectrum has been measured also at this photon energy. All three decay channels discussed above contribute to the Auger spectrum at this energy, thus it is not surprising that, as reported by Kivimäki et al. 3 and confirmed in Fig. 5(a) , the spectrum is broader than the one measured at 183.4 eV, where only the decay from the 2p 3/2 orbital contributes. The spectrum at 196.2 eV is also quite different in shape from that measured at 200 eV [ Fig. 5(b) ]. This can be explained by the   FIG. 4 . Comparison between the theoretical full double photoionization spectrum (blue) and the S 2p 1/2 Auger spectrum (red) of SF 6 , reported on the DIE scale. The two spectra are normalized so that they enclose approximately the same area. observation that at the 4e g excitation energy the decay of the shake-up state is expected to contribute. Indeed, Ferrett et al. 2 measured an intensity of the shake-up state equal to about 30% of the main 2p states at 196.2 eV, while this intensity is less than 10% at 200 eV. A shake-up satellite state has more decay channels available than the 2p main lines. The excited electron may either participate in the inner hole relaxation process or stay as a spectator. The former process populates the same 2h valence states as the normal Auger decay. However, because of the different binding energies of the intermediate core-hole states, the resulting Auger peaks will be located at higher kinetic energies than the corresponding normal Auger features. On the other hand the spectator process will lead to threehole-one-particle states, i.e., to excited states of the doubly charged ion. In order to extract some information on the decay spectrum of the shake-up states we have rescaled the Auger spectra measured at 196.2 and 200 eV by their relative cross section as given in Fig. 7 of Ref. 2. The difference between the two spectra is shown in Fig. 5(c) where it is compared with the Auger spectrum measured at 200 eV. Although the S 2p 3/2 /2p 1/2 branching ratio at 196.2 and 200 eV is not exactly the same, 4 the difference spectrum obtained is expected to be largely dominated by the decay of the shake-up satellite states.
A more direct way to access the separate L 3 VV, L 2 VV, and shake-up Auger spectra is via an Auger electronphotoelectron coincidence experiment. The photoelectron spectrum measured at 196.2 eV photon energy 34 is shown in Fig. 6(a) . It reveals that the satellite feature with the lowest shake-up energy has two maxima whose separation agrees well with the S 2p spin-orbit splitting. By selecting photoelectrons of 15.9, 14.7, and 7 eV one can easily identify the individual contributions from the different channels via the coincidence detection of the Auger and photoelectrons. Due to the long accumulation time required for the coincidence experiments we have scanned the Auger kinetic energy region 100-150 eV in 5 eV steps. To check the stability of the apparatus and the accuracy of the normalization procedures the noncoincidence Auger yield measured simultaneously with the coincidence experiment has been compared to a similar, but faster measurement. A good match was found between the two measurements. The results of the three coincidence measurements are reported in Figs. 6(b)-6(d) . The coincidence L 2 and L 3 VV spectra measured at 196.2 eV are compared with the noncoincidence spectra measured at 183.4 and 184.5 eV, respectively [Figs. 6(b) and 6(c)]. As already discussed for the comparison in Fig. 1 , the contribution of the decay of the 2p 3/2 state has been subtracted from the noncoincidence spectrum measured at 184.5 eV and shown in Fig. 6(c) . In Fig. 6(d) , the Auger spectrum measured in coincidence with photoelectrons from the shake-up state is compared with both the noncoincidence Auger spectrum measured at 200 eV (top panel) and the "difference" spectrum of Fig. 5 (c) (bottom panel). The partial L 2 and L 3 VV spectra are in a good agreement with the noncoincidence data. As for the decay of the shake-up satellite state the top panel in Fig. 6(d) clearly shows the difference between this partial Auger spectrum and the normal Auger spectrum measured at 200 eV, while a good agreement is observed between the difference spectrum of Fig. 5(c) and the coincidence spectrum. This clearly confirms that the difference spectrum of Fig. 5(c) represents the nonradiative decay spectrum of the 2p shake-up satellite states. Because of the large number of dication final states that can be reached in the decay of the shake-up satellite states the calculation of their energy position and relative intensity is not amenable by the theoretical approach used for the LVV Auger spectrum.
From the measured coincidence spectra it is also possible to extract the branching ratio between the different contributions. They are reported in Fig. 7 . The average value of the L 3 VV/L 2 VV ratio is 1.4 ± 0.4. This value is different from the statistical ratio of the 2p spin-orbit components and consistent with the relative photoionization cross sections measured by Kitajima et al. 4 at the 4e g resonance The shake-up/2p main line ratio measured in the coincidence experiment is <10%, i.e., significantly smaller than the value of 30% quoted by Ferrett et al. 2 in their noncoincidence experiment. This can be explained by the fact that the intensity of the shake-up states is distributed over more than 3 eV, while the energy resolution of the coincidence experiment allows electrons to be collected only from a band of a few hundreds of millielectron volts. The ratio increases in the region 140-150 eV, where participator transitions to the final dication states occur. This region might be used to investigate the cross section of the shake-up states instead of measuring the intensity of the satellite peak itself. There would be two advantages in such a measurement. First, the detection can be made at high kinetic energy, where electrostatic electron analyzers work better, rather than close to nearly zero electron volt, as would be needed for the measurements close to the shake-up satellites thresholds. Second, the Auger peak remains at the constant kinetic energy, hence the transmission of the electron analyzer would not change. However, attention would have to be paid to the fact that near threshold the direct ionization of inner valence states affects the electron yield in this kinetic energy region of the photoelectrons as observed in Fig. 1(b) .
V. CONCLUSIONS
The partial contributions to the S 2p Auger spectrum of the SF 6 molecule given by the decay of the two spin-orbit components and of shake-up satellite states at binding energy of about 8.2 eV above that of the 2p 3/2 state have been experimentally obtained by a combination of measurements where the Auger spectra and the Auger electron-photoelectron coincidence spectra have been measured at selected photon energies above the S 2p ionization thresholds. For the first time the Auger spectrum emitted in the decay of a shake-up satellite state has been isolated.
The S 2p Auger spectrum has been interpreted via calculations performed in the framework of the Green's function-based second-order algebraic diagrammatic construction method. The results show that most of the Auger intensity pertains to doubly ionized states characterized by vacancies residing away from the core-ionized S site and little information can be obtained from the S 2p Auger spectrum about the low DIE region close to the double ionization threshold, which is dominated by states of F −1 F −1 character.
